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Abstract 
A 3.5 kb cDNA clone was isolated from bovine adrenal gland cDNA library. The clone contained a full-length 3.1 kb open reading frame, encoding 
a novel myosin I. The deduced amino acid sequence was highly homologous to other known myosin Is in the N-terminal 2 kb region which corresponds 
to the myosin head domain, while no strong homology was detected in the tail region. The head-tail junction contained the Ca”-independent 
calmodulin binding consensus equence, suggesting that the novel myosin I binds calmodulin. This was confirmed by calmodulin overlay which 
showed the binding of ‘2SI-calmodulin to the recombinant myosin I expressed in E. coli. Northern blots with probes from head and tail regions of 
this myosin I revealed that this novel myosin I is widely distributed among various tissues. 
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1. Introduction 
Myosins are molecular motors that have at least one 
head domain with mechanochemical ctivity capable of 
transducing energy stored in ATP into motion along 
actin filaments. Myosins have been divided into two 
classes, i.e. myosin I and myosin II, of which the former 
is single headed and unable to form filaments and the 
latter is a double headed, filament forming dimeric con- 
ventional myosin [l]. Recently a number of unconven- 
tional myosins were found, and according to their 
sequence homology, the myosin superfamily is now clas- 
sified into seven groups, including myosin I and myosin 
II [2,3]. Among these unconventional myosins, myosin 
I is the best characterized, although most of the informa- 
tion we know about it is obtained from amoeba myosin 
I, not from vertebrate ones. 
Myosin I was first identified in Acanthamoeba, later it 
was also found in Dictyostelium, Drosophila, intestinal 
brush border of chicken and bovine, and there have been 
indications of multiple myosin I isoforms. Sequence and 
domain structure analyses have demonstrated strong 
similarities between myosin I and myosin II in the glob- 
ular head region. This is the region that, in all myosins, 
contains the ATP-binding site and the ATP sensitive 
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actin binding site. In contrast, the tail portion of myosin 
I is distinct from the rodlike, cc-helical coiled coil domain 
of myosin II and forms non-helical structures which may 
function as anchoring sites of myosin I such as mem- 
brane binding and ATP insensitive actin binding sites. 
The sequences of myosin Is tail are divergent. Since the 
head region is conserved among different known myosin 
Is, it has been suggested that this divergence in the tail 
region defines the specific function of different myosin 
Is [1,2,4]. 
Although myosin I has been studied for a long time, 
the physiological functions of myosin I have not been 
well defined; however, their localization to the plasma 
membrane [5], their ability to interact directly with phos- 
pholipid bilayers [6], their two actin-binding sites which 
allow them to cross-link actin filaments [7], and their 
mechanochemical ctivity have suggested that myosin I 
is the motor driving contractile activity at the cell mem- 
brane, including chemotaxis, exocytosis, endocytosis and 
changes in cell shape [11. In vertebrate cells, myosin I was 
first identified in intestinal brush border where myosin 
I localizes as a tether between the plasma membrane of 
the intestinal microvilli and the bundle of actin filaments 
[8]. Failure in detecting brush border myosin I (BBMI) 
in other tissues using DNA probe and specific polyclonal 
antibodies suggested that the brush border myosin I ex- 
presses in rather specialized cells. This notion is consis- 
tent with its rather specific intracellular localization as 
described above. Recently myosin I was also purified 
from bovine brain and adrenal gland, whose biochemical 
properties were similar to those of brush border myosin 
I [9], however, its primary structure is not yet identified. 
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The antibody staining revealed that this myosin I is ex- 
pressed in various tissues [lo]. 
In this study, we isolated a new myosin I cDNA clone 
from bovine adrenal gland by using a cDNA fragment 
of chicken BBMI as a probe to screen the bovine adrenal 
gland cDNA library. The bacterial expressed protein of 
this myosin I was capable of binding calmodulin, sug- 
gesting that the holoenzyme contains calmodulin. North- 
ern analysis revealed that this myosin I is widely distrib- 
uted among various tissues. 
2. Ex~r~ental 
Total RNA was isolated by acid guanidine thiocy~ate/pheno~chlo- 
roform method from various tissues [ll]. 1 pg of total RNA from 
chicken intestine was used as the template for reverse transcriptase 
coupled polymerase chain reaction (RT-PCR) to amplify the cDNA 
fragment from chicken BBMI (Fig. 1 Aa), using AMV reverse transcrip- 
tase (Boehringer Mannheim) and Taq polymerase (Perkin Elmer Cetus) 
under standard conditions. Two primers, S-ATGACTGGTGAAAG- 
CGGAGC’T-3’ and 5’-GCAGCTGGTAGAAGATGTGG-3’, were 
made to sandwich the nucleotide sequence of chicken BBMI conserved 
among various myosin Is but less conserved for conventional myosin 
(filled box in Fig. 1Aa). PCR amplified chicken BBMI cDNA probe 
was subcloned into pBluescript SKII and the sequence was con- 
firmed by the dideoxynucleotide chain termination method (Sequenase 
2.0, USB). Chicken BBMI cDNA fragment was purified by agarose gel 
electrophoresis, and 25 ng of the cDNA fragment was labeled by 3’p, 
using a random labeling kit from Boehringer Mannheim. 160,000 
plaques of a random primed @II bovine adrenal gland cDNA library 
(Clontech) was screened using the cDNA probe. Hybridization for 
cDNA library screening was-carried out at 42°C for 20-24 h in 
Church’s buffer 1121. followed bv a final wash of 0.1-0.5 x SSC and 1% 
SDS at 42°C. J. phage DNA containing positive inserts was purified by 
a DEAE cellulose treatment, and the EcoRI fragments of the positive 
inserts were subcloned into SKII( To determine the sequence of the 
clones, deletion mutants were produced by exonuclease III and Mung 
bean nuclease digestion from both strands (pBluescript ExolMung 
DNA sequencing system, Stratagene). For the subsequent screenings 
with novel myosin I partial cDNA probes from bovine adrenal gland. 
all conditions were the same except hat hybridization was carried out 
at 60°C. 
Bacterial expressed r~ombinant bovine adrenal gland myosin I was 
obtained as follows: the myosin I clone was in-frame subcloned into E 
coli expression vector PET, then E. coli strain BL21 was transformed 
by the PET vector containing bovine myosin I. Expression was induced 
by adding 0.25 mM IPTG to the liquid culture of transformed BL21 
cells. 4 h after mduction, cells were harvested and stored at -80°C. 
Electrophorests was carried out on 7.5-20% polyacrylamide gradient 
slab gels by using the discontinuous buffer systems of Laemmli [13]. 
Molecular markers used were smooth muscle myosin heavy chain (200 
kDa), fi-galactosidase (116 kDa), phospho~lase b (97.4 kDa), bovine 
serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 
kDa), smooth muscle myosin light chain (20 kDa) and a-lactalbumin 
(14.2 kDa). Calmodulin overlay of the bacterial expressed bovine adre- 
nal gland myosin I was performed using 3 PCi “51-calmodulin (NEN 
research products) as described by Slaughter and Means [14]. 
Northern blot was performed by standard methods, using 20 pug of 
total RNA for each rat tissue. Probes from head and tail domains of 
our clone (Ftg. IAc) were purified and labeled as above. 
3. Results and discussion 
To prepare the cDNA probe to obtain novel myosin 
Is from mammalian tissue, we selected the nucleotide 
sequence of chicken BBMI conserved for various known 
myosin Is but less conserved for myosin IIs, which corre- 
sponds to 3088626 of chicken BBMI (Fig. 1Aa). Two 
oligonucleotide primers corresponding to this region 
were made and used for RT-PCR amplification of 
chicken intestinal RNA to produce the cDNA fragment 
of BBMI. The obtained PCR product (319 bp) was sub- 
cloned into pBluescipt SKII and the clone was con- 
firmed by sequencing. This chicken BBMI cDNA frag- 
ment was used as a probe to screen a bovine adrenal 
gland dgt 11 cDNA library under reduced stringency. We 
obtained 32 positive clones. Among them 3 clones 
showed homologous sequences to myosins. One of them, 
clone 23 (corresponding to 120--600 in Fig. lAb), showed 
higher homology to myosin I than to myosin II accord- 
ing to the translated partial amino acid sequence. The 
clone 23 was used for further screening of the bovine 
cDNA library under higher stringency. Four positive 
clones were obtained, and among them clone 6 contained 
the largest insert, 3.5 kb. The complete nucleotide se- 
quence of the 3.5 kb insert and its deduced amino acid 
sequence are shown in Fig. 1B. It contains 3,505 bp and 
has an open reading frame of 3,084 bp which encodes 
1,028 amino acids with a calculated relative molecular 
mass of 118,012 Da. The open reading frame of this 
clone started with an initiation sequence consistent with 
the consensus initiation sequence [15]. There are about 
100 bp of 5’ untranslated region and 300 bp of 3’ untrans- 
lated region in our clone, however, the polyadenylation 
signal was not found. Dot matrix analysis revealed that 
the amino acid sequence of this clone which corresponds 
to the head domain. i.e. the N-terminai 2f3 of the total 
open reading frame, was quite homologous to chicken 
BBMI. It has been shown that the various myosin Is are 
Fig. 1. Nucleotide and deduced amino acid sequence of the novel myosin I. (Aa) The PCR amplified cDNA fragment from Chicken BBMI as indicated 
by the filled box. This cDNA fragment was used as the probe to screen bovine adrenal gland library. The partial cDNA sequence of chicken BBMI 
was numbered according to our clone. (Ab) The diagram of isolated new myosin I from bovine adrenal gland. The A of start codon ATG was 
numbered 1. The stop codon TGA is at positions 3,085-3,087. The arrow indicates the end of the myosin globular head domain. ATP binding sites, 
actin binding site, IQ motifs and the net positive charges at tail region are indicated. (AC) The two rest~ction-enzyme-digits fragments from our 
myosin I clone head and tail region, respectively, which were used as probes for northern blot. (B) Nucleotide sequence of the myosin I from bovine 
adrenal gland and its deduced amino acid sequence (GenBank Accession No. UO3420). The amino acid sequence of the myosin I is shown below 
the nucleotide sequence. The start codon at position 1-3 is underlined. Amino acid residues corresponding to the consensus ATP binding domains 
are double underlined. The putative actin binding site at amino acid 5766595 is dash underlined. The consensus amino acid residues of IQ motif at 
the head tail junction were marked with an asterisk (*) under them. 
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quite homologous to each other in the head domains, 
therefore, the results suggest hat the protein encoded in 
this clone belongs to myosin I family, In contrast, the 
C-terminal tail portion showed virtually no homology to 
that of the chicken BBMI (Fig. ZA). Furthermore, even 
in the head domains, there is a region with virtually no 
homology between the bovine adrenal gland myosin I 
(BAGMI) and chicken BBMI. This region corresponds 
to a.a. 200-350 in which few consensus myosin I se- 
quences are found among known myosin Is (Fig. 2C). A 
large difference in the structure at the central portion of 
the head domain of BAGMI suggests its unique motor 
properties. These results clearly indicate that the clone 
6 is a new mammalian myosin I isoform. 
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Analysis of the deduced amino acid sequence of 
BAGMI revealed that it is a novel gene product different 
from chicken and bovine BBMI. It contained 3 domains, 
an ~-te~inal motor domain (l-700), a head-tail junc- 
tion domain (70~760) and a C-terminal domain (760- 
1028). Consensus ATP binding sequences [ 16,173, as well 
as the sequence important for ATP sensitive actin bind- 
ing [18], were found in the head motor domain (Fig. 1). 
At the head-tail junction domain, 2 well conserved and 
1 less conserved IQ motifs, putative calmodulin/light 
chain binding motifs, were found (Fig. 1 and Fig. 2B). 
This motif has been proposed as the Ca*‘-independent 
calmodulin binding site of neuromodulin [19]. Three 
consecutive repeats of IQ motif are present in chicken 
Fig. 2. Amino acid sequence homology of bovine adrenal gland myosin I (BAGMI) with other vertebrate myosin Is. (A) Dot matrix of BAGMI vs 
chicken BBMI. (B) Alignment of the IQ motifs in BAGMI and chicken BBMI. Conserved residues are shown in bold type. (C) Amino acid alignment 
of bovine adrenal gland myosin I (BOVAGMI), bovine brush border myosin I (BOVBBMI) and rat brain myr 1 (RATBMI) heavy chains. Amino 
acids of BOVBBMI and RATBMI identical to those of BOVAGMI are indicated in capital letters. The consensus equences of myosin I and myosin 
II are shown below the aligned sequences for the head region. 
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Fig. 3. Calmodulin overlay assay of bacterial expressed recombinant 
BAGMI. Lanes 1, molecular weight standards; lanes 2, untransformed 
BL21 cells crude extract; lanes 3, BL21 cells transformed with PET 
containing BAGMI before IPTG induction; lanes 4, BL21 cells trans- 
formed with PET containing BAGMI 4 h after IPTG induction. (A) Gel 
stained with Coomassie blue. (B) Autoradiogram of the gel overlaid 
with ‘251-labeled calm~ulin. Molecular weight markers (in kDa) are 
shown to the left of the gel. Arrows indicate the induced recombinant 
BAGMI (estimated about 105 kDa). 
BBMI and it has been shown that calmodulin serves as 
light chain subunits for chicken BBMI [8]. Therefore, 
this region of BAGMI may play a role in Ca’+-independ- 
ent calmodulin binding of BAGMI. In fact, the calmod- 
ulin overlay of the bacterial expressed recombinant 
BAGMI, which has an estimated molecular weight of 
105 kDa, revealed that calmodulin binds expressed 
BAGMI (Fig. 3). The C-terminal tail region has a net 
positive charge of + 15 (Fig. 1 Ab), which has been found 
in most myosin Is to be a putative phospholipid binding 
site. This region may serve as membrane anchoring site. 
However, since the primary struture of BAGMI shows 
practically no homology with known myosin Is in the tail 
region, it is likely that its properties and specificity of 
membrane binding are quite different from other known 
myosin Is, although more detailed information requires 
further study. On the other hand, GPA (glycine-proline- 
alanine rich domain) and SH3 domains found in amoeba 
myosin Is tails which are assumed to serve as ATP- 
insensitive actin binding sites [1] were not found in 
BAGMI, suggesting this protein does not have an actin 
anchoring site. Recently it was reported that a 116 kDa 
myosin I like protein was purified from bovine adrenal 
gland and brain, although its primary structure is still 
unknown [9]. The reported 3 peptide sequences of this 
116 kDa protein (APLGGGRVPWIW, ANLXYAGG- 
VXW and LTVIS~EXEVE) were not found in 
BAGMI, suggesting this BAGMI is distinct from the 
116KDa myosin I like protein. While this study was 
progressing, a cDNA of new myosin I isoform, myr 1, 
was isolated from rat brain [20]. 
Comparison of the amino acid sequence of BAGMI 
with those of bovine BBMI [Zl] and myr 1 revealed that 
BAGMI is highly homologous to bovine BBMI and myr 
1 at the head motor domain, except the 150 a.a. residue 
span as described above (50% identity, 72% similarity to 
bovine BBMI; 51% identity, 75% similarity to myr 1), 
while much less homology was found in other domains 
(similarity less than 40% in both cases) (Fig. 2C). 
To address the tissue distribution of BAGMI, north- 
ern blot analysis of RNA from various tissues was per- 
formed. Two different probes, one from the rather con- 
served head region and the other from non-conserved tail 
region, were used (Fig. lAc, Fig. 4). A band with an 
apparent size of 4.3 kb was detected in all the tissues 
tested by both probes. High levels of transcripts were 
detected in lung, kidney and heart, but the message level 
in brain and intestine was much lower. This is distinct 
from chicken BBMI and myr 1 whose message levels are 
high in intestine and brain, respectively [8,20]. These 
results suggest hat BAGMI is widely distributed among 
various tissues in contrast to BBMI. According to its 
specific localization and limited tissue distribution, 
BBMI is likely rather to be a structurally improtant pro- 
tein than to be involved in cell movement and/or vesicle 
movement. The wider tissue distribution of BAGMI sug- 
gests that it is involved in general cellular functions. The 
5.6, 
0.3- 
B 
Fig. 4. Northern blot analysis of bovine adrenal gland myosin I in adult 
rat tissues. (A) Hybridization with BAGMI head probe (Fig. 1Ac). (B) 
Hybridization with BAGMI tail probe (Fig. 1Ac). The respective tis- 
sues are indicated above each lane. Size standards are in kb. 
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fact that it was found from adrenal gland where a lot of 
endocytosis and exocytosis processes are carried out sug- 
gests that it may function for vesicular movement, al- 
though further study is required to clarify the physiolog- 
ical function of BAGMI. The head probe hybridized 
with a second band with an apparent size of 5.6 kb in 
heart and skeletal muscle (Fig. 4A). We do not yet know 
whether the higher molecular weight band corresponds 
to mRNA of conventional myosin or another unconven- 
tional myosin. 
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